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We present an experimental measurement of the refractive index of high density Rb vapor in a
gaseous atomic nanolayer. We use heterodyne interferometry to measure the relative phase shift
between two copropagating laser beams as a function of the laser detuning and infer a peak index
n = 1.26± 0.02, close to the theoretical maximum of 1.31. The large index has a concomitant large
index gradient creating a region with steep anomalous dispersion where a sub-nanosecond optical
pulse is advanced by > 100 ps over a propagation distance of 390 nm, corresponding to a group
index ng = −(1.0± 0.1)× 105, the largest negative group index measured to date.
Controlling the speed of light in a medium is key
to applications in quantum and optical communication
and computation. For optical pulses, the group veloc-
ity vg determines the speed of the peak, and depends
on the variation of the refractive index n with frequency
ω. Around a resonance vg can vary significantly, from
slow-light (vg < c) [1], to fast-light (vg > c) [2], or even
backwards-light (vg < 0) [3]. Employing techniques such
as electromagnetically induced transparency [4, 5], where
a control laser is used to modify the atomic coherence,
light has been slowed experimentally to 17 m/s, corre-
sponding to ng > 10
7 [1]. By tuning the control field
adiabatically, it is possible to store light in the form of
an atomic excitation and retrieve it at a later time [6],
forming a quantum memory [7]. Much effort has gone
into other applications of slow light, such as tunable op-
tical delay lines [8] and polarisation control [9]. When
−dn/dω < n/ω the peak of the pulse exits the medium
faster than it would have done at light-speed, leading
to the term ‘superluminal’. This surprising phenomenon
has led to a wealth of research, including topics such as
how fast information can be transmitted in a fast-light
medium (signal velocity) [10], and the quantum mechani-
cal implications for noise properties in a slow- or fast-light
regime [11, 12].
One way to achieve satisfy the inequality −dn/dω <
n/ω is to center the pulse frequency at the center of an
absorption line. However, this means that a large gradi-
ent dn/dω is accompanied by large absorption. Achiev-
ing a large group index in a medium without large ab-
sorption is a key topic, and one which has attracted con-
siderable attention over the past decades. Most solu-
tions to this problem have utilized atomic coherence and
quantum interference in multilevel excitation schemes,
proposed by Scully [13] and first experimentally demon-
strated by Zibrov et. al. [14], creating a region with van-
ishing absorption with non-zero dispersion on resonance.
Using a similar concept, the first experiment to mea-
sure successfully the superluminal propagation used the
anomalous dispersion region in between two narrow gain
lines [2], where a group index ng = −310 was measured.
Similarly, backward propagation of pulses was first re-
ported in a gain medium using an erbium-doped fiber
amplifier [3], with a measured index of ng = −4 × 103.
All these techniques, however, suffer from the disadvan-
tage that the absolute variation of the refractive index
∆n is small and as such are limited to low bandwidth




assuming |dn/dω|  n/ω. Thus for a large group in-
dex with large bandwidth, a large index enhancement
is required. In thermal vapors with a single resonance
line, large fractional delays of up to 80 with GHz band-
width have been demonstrated for slow-light by using
off-resonant excitation [8]. In principle the maximum
observable fractional advance is limited to around 2 by a
signal-to-noise argument [15], whilst experimentally frac-
tional advances up to 0.25 have been observed [16], but
with severe attenuation (2% transmission).
In this work, by using a dense atomic vapor with sub-
wavelength thickness we observe an enormous index en-
hancement ∆n = 0.26 ± 0.02. As we are in the co-
operative regime [17, 18], the dipole-dipole interaction-
induced broadening gives rise to a GHz-bandwidth re-
gion with very little group velocity dispersion. This al-
lows superluminal propagation of sub-nanosecond pulses
with little distortion, and we observe over 100 ps ad-
vance across a distance of 390 nm, corresponding to
ng = −(1.0±0.1)×105, the largest negative group index
measured to date and close to the maximum predicted
by a weak probe theoretical model.
Figure 1 shows the experimental setup. We circum-
vent the problem of high optical depth by using a very
thin layer, much less than the wavelength of the excita-
tion light. The atomic vapor layer is confined between
two sapphire plates with a tunable separation between
30 nm and 2 µm (the cell is shown in fig 1a, more de-
tails can be found in [17]). By controlling the temper-
ature of the cell, we control the atomic density of the




























































































FIG. 1. Experimental setup and example data. (a) Photograph of experimental nanocell used in the experiment. The cell has a
wedge-profile (shown schematically) resulting in a tunable vapor thickness. (b) Schematic of experimental setup. An acousto-
optic modulator (AOM) generates a second beam at a detuning ∆AOM = 160 MHz which is combined with the unshifted beam
through a single mode fiber (SM). After the fiber the beams are mode-matched. A 50:50 beamsplitter (BS) sends half the light
to a fast photodiode (FPD1) while the other half propagates through the experimental nanocell. The light is detected after
the cell on a second fast photodiode (FPD2). The 160 MHz beat frequency is shown in panel (c) for both beams. We measure
the phase shift between the two detectors, and scan the laser frequency over the D2 resonance to obtain transmission (d) and
relative phase shift (e) information, shown here for a vapor thickness ` = λ/2 and T = 250◦C across the D2 resonance, fitted to
theory (solid black lines). Panel (f) shows the inferred refractive indices for the shifted (dashed) and unshifted (solid) beams -
the solid line in (e) is the difference of these two curves. Zero on the detuning axis represents the weighted line center of the
D2 line.
responding to a number density N ≈ 1017 cm−3. To
measure refractive index, we employ heterodyne interfer-
ometry similar to that of Pototschnig et. al. [19]. An
acousto-optic modulator (AOM) is used to generate a
second beam at ∆AOM/(2pi) = 160 MHz, which is power-
matched and then recombined with the probe beam and
coupled into a single-mode optical fiber (which ensures
mode-matching). Half of the light is then sent to a fast
photodiode (FPD1) and the other half focussed to a spot
size (1/e2 radius) of 50 µm through the cell and onto a
second fast photodiode (FPD2). Both detectors measure
the beat frequency of the two light fields, and for any one
measurement we observe ∼300 oscillations. The phase of
the two signals is then measured as the laser is scanned
across the D2 resonance line of Rb (λ = 780.2 nm). Since
the two beams are at nearly the same frequency, the
phase difference between the two paths is given by
φ = φ0 + ∆φ = φ0 + [n(∆ + ∆AOM)− n(∆)] k` , (2)
where φ0 is an unimportant global phase due to different
optical path lengths to the two detectors. Sample data
are shown in panel c. We reconstruct the refractive index
profile from fitting the measured relative phase ∆φ using
equation (2). Panels d,e and f show example data for
a vapor thickness equal to half the optical wavelength,
` = λ/2. For high atomic number densities where the
homogeneous broadening is much greater than ∆AOM,
we can simultaneously measure the transmitted intensity
by measuring the amplitude of the oscillations on FPD2.
An interesting question that arises when considering
an index enhancement this large is what is the maxi-
mum possible index of the medium? To predict this,
we use a model for the susceptibility that includes hy-
perfine structure, Doppler broadening [20], Rb-Rb self-
broadening [21] and magnetic fields [22], with excellent
agreement to experimental transmission spectra at the
0.5% level. We have also extended this model to include
effects of Dicke narrowing, atom-wall interactions and
the cooperative Lamb shift in vapor cells with nanome-
tre thickness [17].
Whilst other works have speculated that the near-
resonance refractive index of a gaseous medium could be
“as high as 10 or 100” [23], this estimate was based on
an independent dipole model and neglected the dipole-
dipole interactions which are invariably present at high
density. Eventually the increase in the susceptibility due
to adding more dipoles is exactly cancelled by the higher
damping rate due to resonant dipole–dipole interactions
[24, 25], so there is no further increase in index. A max-
imum index of n ≈ 1.4 has previously been predicted
for Rb [26]. Using our susceptibility model, we calculate
the maximum refractive index to be n = 1.31. This oc-
curs at T ≈ 360◦C at a detuning ∆ ∼ −7 GHz from the
weighted line center, as shown in fig. 2(a). The redshift of
3FIG. 2. Large refractive index enhancement. (a) Calculated
refractive index as a function of temperature and detuning for
the D2 resonance line in Rb. The maximum predicted index is
1.31. The density-dependent redshift can clearly be seen, and
has a significant effect on the position of the maximum index.
The dotted line shows the positions of the unshifted Doppler
broadened resonance lines. (b, c) Experimental data for a
thickness ` = 250 nm and T = 330◦C (N = 5 × 1016 cm−3,
dashed line in (a)). Close to resonance, the large optical depth
reduces the signal to the point where accurate phase informa-
tion is lost. Despite this, the fit to theory is reasonable and
we infer a maximum index n = 1.26± 0.02.
the resonance due to the cooperative Lamb shift can also
be seen clearly (calculated here for ` λ, see [17]) from
the figure. Beyond T ≈ 360◦C the binary approximation
breaks down, and one must consider a multi-perturber
model, which is beyond the scope of this work.
To observe the maximum index, we require T = 360◦C,
N ≈ 1× 1017 cm−3. Consequently, for these parameters
the resonant absorption coefficient is extremely large, and
therefore the vapor thickness must be much less than λ
to transmit a measurable amount of light. As one re-
duces the vapor thickness, however, atom-wall interac-
tions start to have a significant effect on the linewidth,
introducing further undesirable broadening and shifts
which act to reduce the maximum observable index. De-
spite this, we can still observe a large index, as shown
in fig. 2(b,c) for experimental data obtained with vapor
thickness ` = 250 nm, at T = 330◦C. For these condi-
tions, the large on resonance optical depth reduces the
signal to the point where a phase cannot be accurately
measured. Away from resonance, however, we observe
good agreement with theory. From this we infer a peak
refractive index of 1.26± 0.02 approximately 5 GHz red
detuned of line center with a transmitted intensity of
∼ 40%. The absorption drops off with detuning much
faster than the refractive index decreases. Extrapolat-
ing to larger detuning at ∆ = −15 GHz we can still
have n ∼ 1.13 with > 90% transmission. We attribute
the difference in theoretical and experimental refractive
indices here to additional broadening from the van der
Waals atom-surface interaction (included in the theory
curves of fig. 2b/c) which has been characterized for the
Rb-Sapphire interface with a model based on a 1/r3 po-
tential from each cell wall [27].
Intuitively, one might anticipate that the largest group
index coincides with the largest index enhancement, but
this is not the case. From fig. 3a, in which we calculate
the group index over the D2 line as a function of temper-
ature and detuning, we see a clear maximum around the
position of the strongest ground state transition (85Rb,
Fg = 3→ Fe = 2, 3, 4, ∆ ≈ −1.2 GHz), where we predict
a very large negative group index ng ≈ −1.2 × 105 at
T ≈ 255◦C. If we tune the laser frequency we can move
between fast- and slow-light regimes, but the maximum
positive group index is smaller by a factor of ∼ 3. The
spectral broadening at this density creates a region ap-
proximately 1 GHz wide with very little group velocity
dispersion. While increasing the density further than this
increases the bandwidth available, the additional broad-
ening of the line smears out the resonance, reducing the
gradient of the index and hence the group index. For
clarity, the shift of the resonance due to interactions has
been neglected in fig. 3a, since it has a negligible effect
on the position of the maximum group index.
We probe this region with a weak optical pulse with
a full-width at half-maximum (FWHM) of 800 ps, corre-
sponding to a pulse bandwidth of 1.1 GHz, in a region
with vapor thickness ` = λ/2 = 390 nm. To measure op-
tical pulses, we lock the laser at an arbitrary frequency
electronically using a laser wavelength meter and build
up a histogram of the arrival time of photons on a sin-
gle photon counting module. It is important to note
that the bandwidth of the detection equipment is much
larger than that of the detected features. We record a
reference pulse where the laser is far detuned from res-
onance so that there is no interaction with the atomic
medium. We then switch the laser onto resonance to
measure the effect of the medium. Figure 3 panels (b)
and (c) show the experimental data. Panel (b) shows
both signals normalized to the peak intensity of the ref-
erence pulse, while panel (c) shows the pulses scaled to
have the same height, to highlight the advance of the
resonant pulse. Centering the pulse off resonance (pulse
4FIG. 3. Group index and superluminal pulse propagation. (a) Calculated group index as a function of temperature and
detuning. The dashed line represents the carrier detuning for the superluminal pulse. (b,c) Superluminal propagation of a
800 ps pulse through a vapor thickness ` = λ/2 and temperature T = 255◦C. Red and blue solid lines are experiment, dashed
black lines are theory based on a Gaussian input pulse with 800 ps FWHM. Off resonance (∆c = −13 GHz, red line) there is
no interaction at this temperature and the pulse propagates through the vapor as it would through vacuum. On resonance,
∆c = −1.2 GHz, the pulse is attenuated and arrives (0.13±0.01) ns earlier than the off-resonance reference pulse, corresponding
to a group index ng = −(1.0 ± 0.1) × 105. The dashed green line is the theory without dipole-dipole interactions. (d) Total
integrated counts for both signals to verify preservation of causality - the probability of detecting a photon in the advanced
pulse is always lower than in the reference pulse, thus the signal velocity is < c [11].
center detuning ∆c = −13 GHz) provides a reference
pulse where there is no significant atomic interaction
(ng ≈ 1). On resonance, the peak is advanced, arriv-
ing at a time td = (−0.13 ± 0.01) ns earlier than the
vacuum pulse. Using td = ng`/c, we have a group index
ng = −(1.0 ± 0.1) × 105. The dashed lines in fig 2(b)
are theory curves based on a Fourier transform method
and the susceptibility model, assuming a Gaussian in-
put pulse with 800 ps FWHM, which agree well with
the data on the rising edge. On the falling edge, the
structure is complicated by fluorescence from the decay
of the excited state, which has an exponential decay with
a lifetime τ ≈ 1 ns, corresponding to the time of flight
of atoms across the cell. The large spectral bandwidth
available means we see very little distortion of the res-
onant pulse. It is important to note that without the
dipole-dipole interactions, the propagation of such tem-
porally short pulses would not be possible without heavy
distortion of the pulse shape. To illustrate this, the green
dashed line in fig. 3b shows the calculated pulse profile if
there were no dipole-dipole interactions in the medium.
In this case the pulse has a much larger bandwidth than
the transition (and spans multiple excited state hyper-
fine levels) and therefore distortion of the output pulse is
evident. Even though there is a superluminal component
which is more advanced than for the interacting ensem-
ble, there is also a sub-luminal component which can be
seen as a small peak at t ∼ 0.8 ns. Panel d shows the
total integrated counts over the detection period, which
verify that the advanced pulse preserves causality [11],
since there is always a greater probability of detecting a
photon in the reference pulse than the advanced pulse.
From this we can immediately surmise that the informa-
tion velocity of the advanced pulse is less than c.
In demonstrating this giant refractive index and group
index, we open the door to further investigation of
slow- and fast-light effects in the cooperative interaction
regime, where dipole-dipole interactions play an impor-
tant role [17]. The GHz bandwidth available enables
control of the dynamics on a faster timescale than the
natural lifetime of the excited state (27 ns). Since the
cooperative effects are dependent on the level of exci-
tation in the medium [28], a pump-probe setup with a
strong and weak pulse with a short time delay may yield
interesting physics, such as sub- or superluminal gain in
a transiently inverted medium. This will form the basis
of future research.
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